Abstract -The shortest-path searching algorithm must not only find a global solution to the destination, but also solve a turn penalty problem (TPP) in an urban road transportation network (URTN). Although the Dijkstra algorithm (DA) as a representative node-based algorithm secures a global solution to the shortest path search (SPS) in the URTN by visiting all the possible paths to the destination, the DA does not solve the TPP and the slow execution speed problem (SEP) because it must search for the temporary minimum cost node. Potts and Oliver solved the TPP by modifying the visiting unit from a node to the link type of a tree-building algorithm like the DA. The Multi Tree Building Algorithm (MTBA), classified as a representative Link Based Algorithm (LBA), does not extricate the SEP because the MTBA must search many of the origin and destination links as well as the candidate links in order to find the SPS. In this paper, we propose a new Link-Based Single Tree Building Algorithm in order to reduce the SEP of the MTBA by applying the breaking rule to the LBA and also prove its usefulness by comparing the proposed with other algorithms such as the node-based DA and the link-based MTBA for the error rates and execution speeds.
Introduction
As the complexity of the urban road transportation network (URTN) is increasing these days, many users are taking advantage of navigation devices for shortest-path searching to find their destinations. The requirements for the shortest path searching algorithm (SPSA) in the URTN must not only solve the turn penalty problem (TPP), but also rapidly find a global solution for the destination. The Dijkstra algorithm (DA) [1] solves the Single-Source Shortest Path Problem (SSSP) by searching the shortest path from the assigned origin node to all the other nodes on the UTRN.
Because the DA, which is classified as a tree building algorithm (TBA), does not revisit nodes once searched, it cannot solve the TPP. Potts & Oliver proved that a TBA like the DA can solve the TPP by using the link based algorithm (LBA) [2] with a searching unit of the DA changed from a node to a link unit. However, the TBA does not resolve problem of slow execution speed (SEP) because it needs a lot of time to visit all the possible paths to the destination to find the shortest path search (SPS).
Although the A* Algorithm (A*A) [3] can drastically reduce the execution speed by using an evaluation function that integrates the heuristic path cost (HPC) from the searching nodes to the destination, the A*A does not secure a global solution to the SPS in the URTN with a high level of complexity because the HPC does not reflect the actual correction path cost in the URTN.
The Dial Algorithm [4] can solve the three requirements of the SPS in the URTN such as the TPP, the global solution and the SEP by taking advantage of an optimized data structure of the minimum cost function in searching the minimum cost node. The execution speed for the SPS in the Dial algorithm can be reduced from O(N 2 ) to O(NlogN) by using the link transit cost of an integer value in the URTN. However, the Dial algorithm cannot be used in the URTN with the link transit cost (LTC) of the real value because of the errors that occur in changing the real valued LTC of the URTN to the integer value. This paper proposes a new Link-Based Single Tree Building Algorithm (STBA) not only to solve the TPP and the SEP, but also to secure a global solution to the SPS in the URTN. In particular, the TPP is solved by using the link based TBA of Potts and Oliver, the global solution is secured by the modified node based Dijkstra algorithm and the SEP is reduced by applying the link-based breaking rule,which is proposed in this paper.
Section 2 describes the related research and the basic principle of the SPS in the URTN and section 3 treats the DA as well as the algorithms derived from the DA, including an explanation of the algorithm proposed in this paper. Section 4 shows the usefulness of the proposed STBA by comparing the execution speeds and error rates of the proposed STBA with the A*A, the Dial algorithm and the MTBA to the URTN of South Korea by using the experimental results.
The Related Researches of the SPS in the URTN
The SPS in the URTN is comprised of a single node set and a single link set that can be classified as the SingleSource Shortest Path Problem (SSSP), the Single-Pair Shortest Path Problem (SPSP) and All-Pairs Shortest Paths Problem (APSP) according to number of the origin nodes and the destination nodes [7] . In particular, the SSSP, the SPSP and the APSP find the SPS from the single node to all the other nodes between the pair of the origin, destination node and among multiple pairs of the origin nodes and destination nodes in the node set, respectively.
The minimum cost path between the origin node to the destination is searched on the UTRN by the SPS and the unique solution of the SPS can be solved by the node based minimum cost function (MCF) [7] defined as follows. In the network G(N, L) with the positive path cost c(n i , n j ) between two nodes from n i to n j , the MCF from an arbitrary node n 0 to n j can be found by solving Eq. (1.1) and Eq. (1.2).
The MCF expressed by Eq. (1.2) indicates that there exists a bypassing path if the minimum cost is less than the direct transit cost between the two nodes. However, because the revisiting path of the node once visited does not satisfy Eq. (1.2), the paths comprising the turning paths in the URTN must be excluded from the SPS.
The network data for finding the SPS in the URTN is comprised of nodes, links, and rotations. The node, the link, the directionality of the link, and one rotation are defined by the intersection of the road or the origin point and the destination, as well as by the origin and destination node and by the origin and destination link as shown in Fig. 1 , respectively. The LTC and the transit cost of the rotation are defined by the travel cost between the nodes and by the travel cost between the links, respectively.
Categorizing the SPS algorithm
(1) Classifying the SPS algorithm by the cost between nodes or links
The SPS algorithms based on the cost between nodes or links are classified into three types: the SPS, the minimum time searching (MTS) and the optimal path searching (OPS). The SPS searches the path with the minimum distance between nodes or links, the MTS by defining the transit cost function comprised of the transit time between nodes, and the OPS by the travel cost function consisting of the transit convenience between nodes as shown in Table 1 . The SPS algorithm can be classified as a Label Setting Algorithm(LSA) and a Label Correcting Algorithm (LCA) [8] . The shortest path costs are confirmed where there are no more modifications by the LSA everytime it repeats the node searching to find the SPS on a network with a positive LTC as in the DA.
The LCA like the Bellman-Ford [9] and Moore [10] iterates the node searching process while correcting the shortest path cost so that the shortest path cost of all nodes in the network with a negative link transit cost must satisfy Eq. (1.2). The LCA has a wider application range than the LSA because the LCA has the characteristics of searching the SPS even in a network with a negative link cost.
The LSA is more useful than the LCS for the SPS in the URTN because the link with a negative cost is rare and exceptional in the URTN, and the LSA is faster than the LCA, and furthermore, the LCA repeats the SPS until the shortest transit cost is confirmed and, if applying the LCA to an UTRN comprised of a cycle with a negative cost, the cycle with the negative cost must be detected and removed.
(3) Classifying the SPS algorithm by the network structure of the searching nodes
The SPS algorithm can be classified into two types of algorithm: a tree building algorithm (TBA) and a vine Fig. 1 . Representation of the path data in the URTN network algorithm (VNA) according to the network structure of the searching nodes. The searched nodes by the TBA, like the DA, builds trees because it does not revisit the once searched node; however, the VNA such as the Moore algorithm, the RRL algorithm and the Shimbel algorithm [11] builds a vine network because it searches the node at the connection points by U-turn and P-turn as well as continuation of turn left or turn right.
The basic structure of the DA and Three problems in the SPSA
Generally, the SPSA like the DA iterates not only searching the node with a minimum path cost but also setting the predecessor so that all the nodes belonging to the network satisfy Eq. (1.2). The DA has proven in its reliability and usefulness for the SPS in the URTN is classified as a TBA as well as an LSA, and solves the single departure problem (SDP) by visiting all the nodes from the origin node to the destination.
In particular, the DA consists of the node searching algorithm as well as the minimum cost searching algorithm. The node with the shortest path cost is extracted and confirmed by extracting the node with the shortest path cost of the node set with a temporary path cost whose shortest path cost is undetermined, which is called the path cost correction process (PCCP). The PCCP is iterated until the shortest path costs for all the nodes are confirmed so that the path costs of the nodes with a temporary path cost adjacent to the searching node satisfies Eqs. (1.2).
The following three key issues must be solved in the SPSA; the TPP, the global solution and the high speed execution.
(1) The turn penalty problem in the SPS Although the TBA is faster than the VNA because it does not revisit searched nodes, the TBA cannot completely solve a TPP caused by a combination of left turn, right turn, Uturn, and P-turn. Even though the VNA is proposed to solve the TPP by a revisiting process, if there is a consecutive rotation or many rotation nodes in the transportation network, the modified VNA must be used to solve this TPP [2] completely.
Also, the TPP occurring in the transportation network when using the VNA is solved by using the LBA of Potts and Oliver [7] , where the searching unit of the transportation network data with configuration of the vine network containing turning data is converted to the executable data structure in the VNA.
Eq. The A*A features high speed execution in SPS, but does not secure a global solution in the SPS but provides only a local solution because the A*A executes the SPS by taking the path cost from a searching node to the destination node comprised of the heuristic cost as well as the minimum path cost as an evaluation function of the SPS in the URTN, which does not reflect the actual cost of the complicated URTN.
(3) Execution speed problem in the SPS
The time complexity of the TBA and the VNA are O(n 2 ) and O(l 2 ) if there are a number of n nodes, respectively [11] . The searching process of the minimum node cost of the DA is modified in the Dial algorithm [8] . In particular, the nodes with the same temporary transit cost are saved in the same Bucket and link m, node n, the time complexity is O (m+nC) on the network with the maximum link travel costs of C. Because the Dial algorithm requires the condition that the link transit cost (LTC) must have an integer value, however, if the LTC in the transportation has the real link transit cost, the real valued LTC in the URTN must be converted into an integer value so as to apply the Dial algorithm to the URTN.
Link Based Shortest Path Searching in the URTN using the DA
We proposed the link based breaking rule in order that the DA of a single source algorithm (SSA) is applicable to the URTN with the TPP.
The node-based Single Source Dijkstra algorithm
The origin from the set of nodes V with the link costs of the positive value and directional network G = (V, E) of a set of links E is taken to the home position and can be explained by the pseudo code of Table 2 for the node-based Single Source Dijkstra (SSD) algorithm which is a kind of the DA [7] , where the symbols of Table 2 are summarized as follows: the symbols G, w, s, S Q, u, v delineate network, link cost, start node, set of the searched nodes and set of the unsearched nodes, the current navigation node, and the exiting node of the link connected to the current node, respectively.
The attributes of the node d is the minimum path cost calculated until now, and the attributes of node π represents the predecessor node which is the previous node on the shortest path.
The SSD algorithm can be explained by searching for the SPS from the origin to all the nodes in the network except the origin node shown in Fig. 2 . The details are explained in Table 2 by the SSD pseudo code.
The node-based Single Pair Dijkstra algorithm
Because the SSD algorithm constructs trees that include the shortest path of all the nodes by considering the origin point as the home node irrespective of the destination, the initial condition must be modified so as to apply the single source algorithm to the node-based Single Pair Dijkstra (SPD) algorithm. The breaking rule (BR) to the destination is added in building the trees only from the origin to the destination.
The SPD function is the parameter used in order to apply the BR to the minimum cost correction function by adding the destination node to the SSD. Although the unsearched node set Q is assigned as the set of all the nodes in the network G, the element of Q is initialized only by the origin node in the SPD function and only the current searching node during the searching process is added to the element of Q if the node does not exit the destination node. Table 3 The pseudo code for the SPD algorithm
print "no path from" s "to" v "exists" 5 else PRINT-PATH(G, s, v. π) 6 print v
The SPD algorithm can be explained by the SSD with the BR added and the SPS is stopped once the destination is searched as shown in Fig. 3 . The SPD is faster than the SSD because it searches only the assigned destination. The BR in SPD can be described by RELAX(u, v, w, d) of Table 3 including the destination parameter d. Although there exists the BR named RELAX(u, v, w) in the SSD, because the destination parameter d is not included in the SSD as shown in Table 2 , the SSD algorithm must search for SPS to all the destinations. However, the SPD stops the node searching at the destination once the destination is searched as shown in the dotted line in Fig. 3 of the conceptual drawing of the node based SPD algorithm. The details are explained in Table 3 by the pseudo code of the SPD.
The link-based Multi Tree Building algorithm
The link-based Multi Tree Building algorithm (MTBA) takes advantage of the modified SPD algorithm. If the number of links departing from the origin link is N and all of the numbers of the destination node is M, and the SPS is determined by finding the minimum cost path among number of the M×N shortest paths searched. This link based MTBA is based on the node base SPD, but only the searching unit is changed from the node to the link. Because there are 4 origins of M and 3 destination links of N for the link based MTBA, the searched shortest paths of MxN=6 exist as in Fig. 4 .
The line 3 of the pseudo code in Table 4 shows that the Link-Based MTBA(G, w, s, d) in Table 4 makes use of the Node-Based SPD(G, S, D) algorithm used in the Node Based-PSD in Table 3 .
The link based Single Tree Building algorithm
The link-based STB algorithm determines the shortest path only one time so as to compensate for the problem that the link based MTBA constructs multiple trees and has different characteristics from the SPD algorithm because it corrects the minimum path cost of adjacent nodes by comparing the destination link cost.
The RELAX(u, v, w, d) in Table 5 of the pseudo code for the link-based STB algorithm determines the SPS by comparing the current node with the destination node set D. Fig. 5 shows the conceptual drawing of the link-based STB algorithm and Details are explained in Table 5 by the Table 6 summarized the key features of each algorithm implemented in this paper.
Experimental environments and results
Experimental environments are as follows; Intel Core 2 Duo CPU with 4 Giga Byte memory as well as Eclipse Indigo and Java 1.7 SDK based on Windows 7 64bit O/S are used in this paper.
The standard node-link data of the intelligent traffic management system of the Ministry of Land, Infrastructure and Transport of Korea [14] is converted road transportation network data as an applicable form in this paper. All the Node-Link-Turn Penalty Data in South Korea used in this paper is shown in Table 7 .
The Node, Link and Turn penalty data for all the areas of South Korea as well as Seoul area, Korea, especially including JongRo-Gu are shown in Fig. 6 to Fig. 14 by converting to the Keyhole Markup Language data format using the Google Earth program [17] , respectively.
Especially, Fig.15 shows that all the Node, the Link and Fig. 6 The node data on south, Korea Fig. 11 The Turn penalty data on South, Korea Fig.12 The Node data on JongRo, Seoul, Korea the Turn penalty is aggregated on the same map of JongRoGu, Seoul Korea. We take advantage of this area and applied the proposed algorithm to this area because there are lots of nodes, nodes and turn penalties in this area. By executing more than 70,000 times of experiments by random sampling of the origin and destination randomly on South Korea area, we obtained the data on Fig.16 to Fig.  18. Figs.16, 17 and Fig. 18 show the A*A is faster than the Dijkstra algorithm, the Dial algorithm with the Bucket data structure is also faster than the other data structures and the STBA is superior to the MTBA for the SPS in the URTN. Fig. 19 shows the execution speeds of each component algorithm implemented in this paper. We developed the link-based Single Tree algorithm in proposed in this paper by implementing the DA, Dial algorithm with Bucket datastructure as well as the link-based MTBA.
We applied the proposed link-based STB to JongRo-Gu, Seoul Korea so as to prove its usefulness as shown in Fig.  20 and Fig. 21 .
As shown in Figs. 20 (e) and Fig. 21 (e) , the Link-based DA is faster than other two algorithms such as the Linkbased STBA and the Link-based MTBA, however, does not solve the TPP because it trespass the turn penalty paths indicated in yellow lines in the UTRN.
The Node-based DA cannot applicable to the UTRN with the TPP paths. Also, the proposed link-based STBA is superior to the link-based MTBA in searching the global solution and solving the TPP as well as in reducing the SEP.
Conclusions
We proposed the link-based STB algorithm applicable to the link-based SPS by modifying the DA so as to solve the TPP and the high speed execution of the SPS in the UTRN while securing the global solution.
The TPP, the global solution and the high speed execution are solved by using the link-based algorithm, by using the DA in the SPS in the UTRN and by the linkbased STBA applying the breaking rule to the destination, respectively.
Also, we prove the usefulness of the proposed algorithm not only by applying the proposed link-based STBA to the node-link data of South Korea including JongRo-Gu, but also by comparing the proposed algorithm with the nodebased DA and MTBA for the execution speeds and error rates. 
